Chronic generation of reactive nitrogen species (RNS) can cause DNA damage and may also directly modify DNA repair proteins. RNS-modified DNA is repaired predominantly by the base excision repair (BER) pathway, which includes the alkyladenine DNA glycosylase (AAG). The AAG active site contains several tyrosines and cysteines that are potential sites for modification by RNS. In vitro, we demonstrate that RNS differentially alter AAG activity depending on the site and type of modification. Nitration of tyrosine 162 impaired 1,N 6 -ethenoadenine (eA)-excision activity, whereas nitrosation of cysteine 167 increased eA excision. To understand the effects of RNS on BER in vivo, we examined intestinal adenomas for levels of inducible nitric oxide synthase (iNOS) and AAG. A striking correlation between AAG and iNOS expression was observed (r 5 0.76, P 5 0.00002). Interestingly, there was no correlation between changes in AAG levels and enzymatic activity. We found AAG to be nitrated in human adenomas, suggesting that this RNS modification is relevant in the human disease. Expression of key downstream components of BER, apurinic/apyrimidinic endonuclease 1 (APE1) and DNA polymerase b (POLb), was also examined. POLb protein was increased in nearly all adenomas compared with adjacent non-tumor tissues, whereas APE1 expression was only increased in approximately half of the adenomas and also was relocalized to the cytoplasm in adenomas. Collectively, the results suggest that BER is dysregulated in colon adenomas. RNS-induced posttranslational modification of AAG is one mechanism of BER dysregulation, and the type of modification may define the role of AAG during carcinogenesis.
Introduction
Sustained generation of elevated nitric oxide ( d NO) is thought to be a key driving force in the association between chronic inflammation and increased cancer risk (1) . Tissue damage manifests from the formation of reactive nitrogen species (RNS), such as peroxynitrite (ONOO À ), nitrogen dioxide ( d NO 2 ) and nitrous anhydride (N 2 O 3 ) (2, 3) . RNS can directly deaminate DNA bases (4, 5) . In addition, secondary lipid peroxidation products can react with DNA to form exocyclic DNA adducts such as 1,N 6 -ethenoadenine (eA) and N 2 ,3-ethenoguanine (5, 6) . Repair of RNS-induced and oxidative DNA base adducts is initiated by several DNA glycosylases of the base excision repair (BER) pathway (7) . Alkyladenine DNA glycosylase (AAG, also known as methylpurine glycosylase, alkylpurine DNA-N-glycosylase) appears to be the primary mammalian DNA glycosylase that removes hypoxanthine, eA and N 2 ,3-ethenoguanine (8) (9) (10) (11) (12) (13) . We have focused on AAG-mediated BER because several reports have shown that levels of an AAG substrate, eA, increased under chronic inflammatory conditions in mouse models (5, 13, 14) . Furthermore, elevated etheno adducts have been observed in colonic polyps from familial adenomatous patients (15) . Examination of tissue biopsies from noncancerous colons of patients with ulcerative colitis has revealed that the activity of AAG and apurinic/apyrimidinic endonuclease 1 (APE1) increased and that patients with microsatellite instability have the highest increase in the levels of AAG and APE1 within inflamed colons (16) .
In addition to reacting with DNA, RNS can modify proteins. Nitration and nitrosation are two types of posttranslational modifications that can regulate protein function and alter signaling pathways (17) (18) (19) (20) . Two other BER components, the OGG1 DNA glycosylase and APE1, have been shown to undergo posttranslational modification by RNS (21, 22) . Protein exposure to nitrating RNS, OONO À and d NO 2 , can result in formation of nitro-adducts on aromatic groups, such as tyrosyl residues. Nitrosating RNS, such as N 2 O 3 , attack nucleophilic sites, notably cysteinyl thiolates. In this regard, AAG provides an intriguing target because of the number of tyrosine and cysteine residues in close proximity to the active site ( Figure 1 ). Here, we show that, depending on the specific modification, RNS may differentially modulate AAG activity. Moreover, we provide to our knowledge the first simultaneous examination of alterations in the first three enzymes in BER in intestinal adenoma samples and matched non-tumor controls. Lastly, demonstration of nitrated AAG in subjects with colon cancer suggests this RNS modification may be an important contributor to BER imbalance in adenocarcinomas.
Materials and methods

Generation of AAG variants and purification of proteins
Purification of wild-type and all variant AAG proteins was carried out as described previously (25, 26) . The AAG construct is D54-N-terminally truncated and contains all native tyrosines and six of seven cysteines (lacks C15). Greater stability in vitro was evident with the D54-AAG construct relative to longer variants. The D79-truncated protein crystallized lacks two tyrosines and three cysteines (24, 27) . Although many have reported that the N-terminus is not required for enzymatic activity, the N-terminus can influence the activity of AAG (11, 28) . Variants containing substitutions at tyrosine and cysteine positions were generated by site-specific mutagenesis with the appropriate primers. Generation of the D79 variant was carried out by polymerase chain reaction of the wild-type template using a primer to generate an N-terminal truncated fragment with a 5#-end cleavable by NdeI and the T7 terminator as the 3#-primer. The amplification product was cleaved by NdeI and XhoI and purified prior to ligation. The sequence of every variant was confirmed by sequencing in both directions. All AAG variants were expressed from the pET17 vector in Escherichia coli strain C41 (25, 26) . At a cell density of 0.5 (A 600 ), the culture was induced with 0.4 mM isopropylthiogalactopyranoside for 18 h at 25°C. Cells were lysed on ice in sonication buffer containing, 4 mM b-mercaptoethanol, 0.5 M NaCl, 20 mM Tris-HCl pH 7.9 and protease inhibitor cocktail (Sigma, St Louis, MO). After sonication, the cells were spun down and the clear lysates were removed. The cell lysates were injected into a superloop and purified by fast protein liquid chromatography using a HiTrap Chelating HP affinity column (GE Amersham, Piscataway, NJ). Fractions containing purified AAG were determined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and pooled. The pooled fractions were concentrated in a Millipore ultrafree-15 centrifugation filter device (10 kDa cutoff). Protein purification was confirmed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (supplementary Figure 1 is available at Carcinogenesis Online) and the protein concentration was determined by Bradford assay.
Treatment of AAG with RNS agents
Prior to enzymatic assays or western analysis, AAG (5 lM) was treated with a nitrating agent, ONOO À or a nitrosating agent, spermine NONOate (SPER/ NO), in 0.1 M sodium phosphate buffer (pH 7.0). Conditions were kept constant for pH and temperature among all experiments. Nitration reactions were carried out at 25°C for 5 min. Metal-catalyzed nitration of AAG was carried out by incubating D54 AAG (5 lM) with 100 lM NaNO 2 , 100 lM H 2 O 2 and 2 lM FeSO 4 at 37°C for 2 h (29) . Unless otherwise noted, nitrosation reactions with SPER/NO were carried out at 30°C for 10 min. Nitrosothiols were converted to a stable modification prior to western analysis by substituting the NO-adduct with a biotin tag according to protocol using S-Nitrosylated Protein Detection Assay Kit (Cayman, Ann Arbor, MI).
Preparation of human and mouse tissue extracts
Human adenocarcinoma colon tissue was collected as described previously (30) . Colon tissues from Apc Min/þ mice were kindly provided by Dr Marj Pena and Celestia Davis (Center for Colon Cancer Research, University of South Carolina). Apc Min/þ mice used in this study were males $9 months of age. Care and use of animals was overseen by the Animal Resource Facility of the University of South Carolina, under the direction of our veterinarian. The Animal Resource Facility is fully accredited by the Association for Assessment and Accreditation of Laboratory Animal Care-International and is registered with the United States Department of Agriculture (56-R-003). The Animal Resource Facility also has an active letter of Assurance of Compliance on file at the National Institutes of Health. The use of human material was approved by the Institutional Review Board at the University of South Carolina. After the animals were killed, the tissues were split so that half of the samples were fixed in formalin and embedded in paraffin for immunohistochemistry, and the other half of the samples were processed for activity assays (8) and immunoprecipitations (31) .
Western analysis
Ascites from the mouse monoclonal anti-human AAG antibody (clone 506-3D) were kindly provided by Dr S.J.Kennel (Oak Ridge National Laboratory) (32) . Antibody was purified as described and diluted 1:1000 (33). Electrophoresis was carried out in denaturing 10% gels and proteins electrotransferred onto polyvinylidene difluoride membrane. 3-Nitrotyrosine was detected using anti-nitrotyrosine polyclonal antibody (Upstate, Billerica, MA, 06-284) diluted 1:1000 and incubated with anti-rabbit horseradish peroxidase-conjugated secondary antibody. Nitrosocysteine was detected using S-nitrosylation detection reagent I (avidin-conjugated horseradish peroxidase) as supplied in S-Nitrosylated Protein Detection Assay Kit. The bands were visualized by Supersignal West Pico chemiluminescent substrate (Pierce, Rockford, IL).
Immunoprecipitation
Whole human colonic epithelial tissue lysates and HT-29 colorectal adenocarcinoma cell lysates were obtained, and immunoprecipitation was carried out as described previously (31) . Briefly, protein extracts (400 lg) were precleared by incubation with agarose beads (Calbiochem, Gibbstown, NJ) at 4°C while rocking for 1 h, followed by centrifugation. The precleared supernatant was incubated with the anti-AAG or anti-nitrotyrosine antibodies overnight at 4°C. Following overnight incubation, agarose beads were added to the supernatant and incubated for 1 h at 4°C. The pellet (agarose-antibody-antigen complex) was separated by centrifugation and washed (31) . Immunoprecipitated protein was extracted from agarose-antibody complex by heat denaturation in Laemmli buffer, separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and electrotransferred onto polyvinylidene difluoride membrane for western blot using the anti-AAG or anti-nitrotyrosine antibodies. Nonspecific IgG was used as the negative control. Excision and binding assays AAG activity was measured similarly to that described previously (26) , except that the 25mer oligonucleotide containing eA (Midlands Certified Reagents, Midlands, TX) also contained a 5#-HEX. Single-turnover reactions were carried out by incubating 20 nM AAG and substrate at the time points shown. Multi-turnover reactions were carried out by incubating 1 nM AAG with increasing concentrations of DNA (5, 10, 15, 20 and 25 nM). Binding affinity of AAG for the eA-containing oligonucleotide was evaluated by electrophoretic mobility shift assays and analyzed using a one-site binding equation (Graphpad Prism, Graphpad, La Jolla, CA) as described (26) .
Immunohistochemistry analysis
Statistical analysis SPSS (SPSS, Chicago, IL) and Graphpad Prism software were used for data analysis. A Pearson correlation coefficient (r) was applied for all comparisons of protein levels. The P value chosen for significance in this study was 0.05. The kinetic values, V max and K m , the activity of wild-type AAG and cysteine variants were obtained by linear regression analysis or using the Michaelis-Menten model and the equilibrium binding constants (K d ) were analyzed using the one-site binding model. The rate of catalysis (k cat ) for wild-type AAG and cysteine variants were analyzed using the first order rate 
Results
Tyrosine nitration decreases the activity of AAG
The potential for RNS to form posttranslational adducts on AAG protein and their influences on catalysis were investigated. Figure 1 was generated from the coordinates of the crystal structure of a D79-N-terminally truncated AAG bound to eA-containing DNA (24) . As shown, five AAG protein tyrosyl residues are part of the active site or interact with the DNA structure immediately surrounding the damaged base to be excised, suggesting that nitration of these residues could affect AAG function. Our studies utilized a D54-Nterminally truncated protein that contains all native tyrosines and Crystal structure of AAG bound to eA-containing DNA. The structure was generated using the UCSF Chimera software package (23) and protein databank file 1F4R (24) . Tyrosines and cysteines are represented by a gray ball and stick structure within the ribbon structure of AAG. The flipped eA is shown in gray as a stick structure.
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was stable under all assay conditions used (hereafter referred to as 'wild-type'). A gel showing the wild-type and all mutants utilized in this study is shown in supplementary Figure 1 (available at Carcinogenesis Online). Purified AAG protein exposed to a single bolus of the nitrating agent ONOO À resulted in a dose-dependent increase in tyrosine nitration (Figure 2A, upper panel) . Concurrent probing of these samples with AAG antibodies showed the protein was not degraded by nitrative conditions (Figure 2A, lower panel) . Separately, AAG was exposed to nitrating species from a different source, namely d NO 2 generated from iron-catalyzed oxidation of nitrite over a 2 h period (29, 35) . These conditions resulted in an 8.2-fold increase in nitrotyrosyl AAG formation ( Figure 2B ).
The influence of nitration on the activity of AAG was examined. Figure 2C shows that nitration decreased the maximum velocity (V max ) of eA excision (1.4, 1.8 and 2.1-fold with 10, 20 and 40 lM ONOO À ), while having a minimal effect on the K m up to 40 lM ONOO À (also shown in supplementary Table I , available at Carcinogenesis Online). In contrast, 100 lM ONOO À decreased activity to the extent that accurate V max and K m values could not be calculated under these conditions. Examination of substrate binding by AAG revealed that exposure to 40 lM ONOO À did not alter binding affinity to eA-containing DNA, whereas 100 lM ONOO À decreased binding by 2.1-fold (supplementary Figure 2 is available at Carcinogenesis Online). Collectively, these results suggest that moderate exposure to nitrative conditions altered substrate turnover, whereas extensive tyrosyl nitration decreased AAG substrate turnover and binding.
Tyrosine 162 is the primary site of tyrosine nitration To determine potential nitration sites on AAG, site-specific mutagenesis was performed. Of particular interest were tyrosyl residues in close proximity to the active site (Y127, Y157, Y159, Y162 and Y165; shown in Figure 1 ). These residues were individually switched to a phenylalanine or an alanine initially. Figure 3 summarizes data examining seven of the eight native tyrosines, in which wild-type AAG and AAG site-specific variants were exposed to 40 or 100 lM ONOO À . Substitution of Y162 with alanine substantially decreased nitration by ONOO À ( Figure 3A) . Densitometry of western blots for 3-nitrotyrosine adducts indicated that ONOO À -induced nitration of the Y162A variant decreased by 1.6-fold (n 5 3) and 3.7-fold (n 5 3) at doses of 40 and 100 lM, respectively, compared with wild-type. Previous studies by us and others have shown that a Y162A mutant is severely compromised for activity, whereas the activity of a Y162F mutant is only mildly reduced (24, 36) . To examine a more conservative switch, Y162 was substituted with a phenylalanine. ONOO À -induced nitration of the Y162F variant decreased by 2.4-fold (n 5 3) at 40 lM ONOO À and 4.3-fold (n 5 3) at 100 lM ONOO À , similar to that seen for the Y162A mutant. Tyrosine nitration of the Y162 mutants was detectable under highly nitrative conditions (100 lM ONOO À ), which is consistent with nitration of one or more of the remaining tyrosines. In contrast, the AAG variants Y127F, Y157F, Y159F and Y165A were nitrated to a similar or greater extent compared with wild-type ( Figure 3B) . A similar level of nitration was observed with the truncated D79-AAG variant ( Figure 3C ), which Nitric oxide species and base excision repair lacks Y71 and Y75, suggesting that these two tyrosines were not the target of nitration observed in the D54 wild-type AAG. Analysis of the enzymatic activity of the Y162F variant was also examined (Figure 4 ). Note that under non-nitrative conditions, the Y162F enzyme suffered an $2-fold drop in activity compared with wild-type ( Figure 4 , compare open circles to open squares), in agreement with a previous report (36) . Following exposure to ONOO À (40 lM), the Y162F variant showed no decrease in eA excision activity (Figure 4 , filled squares), which agreed with the lack of nitration seen at this dose ( Figure 3A, middle lanes) . Taken together, these data support Y162 as a major site for nitro-adduct formation on AAG.
Cysteine nitrosation increases AAG eA excision activity The potential for nitrosation as a modulator of AAG activity was investigated. Thiolates are attractive targets for nitrosative modification resulting in the formation of S-nitrosothiol adducts (37) . AAG contains seven cysteines, only four of which were present in the crystal structures of D79 AAG (Figure 1) . The D54 wild-type AAG construct contains six of the seven native cysteines. Under aerobic conditions, formation of nitrosating species such as N 2 O 3 increases proportionally with the concentration of NO (38) . The effect of AAG cysteine nitrosation was examined using SPER/NO, a compound that hydrolyzes to yield NO at a defined rate under constant pH and temperature (39) . Nitration of AAG tyrosines was not observed under these conditions (data not shown). Exposure of AAG to SPER/NO resulted in a concentration-dependent increase in nitrosation of wildtype AAG (supplementary Figure 3A is available at Carcinogenesis Online). Densitometry of western blots indicated that SPER/NO induced nitrosation by 1.8-fold (n 5 3) and 2.3-fold (n 5 3) at doses of 20 and 40 lM, respectively, compared with untreated AAG.
The effect of nitrosation on the DNA binding and enzymatic activity of AAG was determined. Nitrosation of AAG exposed to either 20 or 40 lM doses of SPER/NO increased the V max $1.5-fold (supplementary Table II is available at Carcinogenesis Online). Band shift assays demonstrated that exposure to either 1, 20 or 40 lM SPER/NO increased the binding affinity of AAG for eA by $1.3, 1.5 and 2.1-fold, respectively (supplementary Figure 3B is available at Carcinogenesis Online). In contrast to the profile observed with nitrative/oxidative RNS, these findings showed that nitrosative conditions promoted formation of nitrosothiol-AAG, which enhanced AAG efficiency.
Cysteine 167 is the primary site of nitrosation The AAG crystal structure showed that C167 and C178 reside within 6 Å of the flipped out eA substrate-binding pocket (Figure 1 ), but to our knowledge, the roles of these cysteines have not been determined. Site-specific mutants (C167S and C178S) were generated and their eA-excision activity first characterized under non-nitrosative conditions. The V max /K m values were slightly lower for the C167S mutant (0.32 ± 0.015) and higher for the C178S mutant (0.76 ± 0.07) compared with wild-type (0.49 ± 0.09; supplementary Figure 3C is available at Carcinogenesis Online), demonstrating that these residues influence AAG activity. Treatment of C167S and C178S mutants with 20 lM SPER/NO did not significantly alter their eA excision activities (supplementary Table II is available at Carcinogenesis Online). However, following exposure to 40 lM SPER/NO for 10 min, a 2.0-fold increase in the V max for the C178S variant was observed (supplementary Table II is available at Carcinogenesis Online). The V max for the C167S variant was unchanged following SPER/NO treatment, suggesting C167 is a key residue in mediating enhanced AAG eA excision activity under nitrosative conditions. Both mutants were also analyzed by the biotin switch method to determine nitrosation modifications following treatment with SPER/NO. The C178S mutant showed an increase in nitrosation signal of 2.2-fold (n 5 3) and 1.9-fold (n 5 3) at doses of 20 and 40 lM, respectively, compared with untreated enzyme, which was similar to that seen for wild-type (supplementary Figure 3A is available at Carcinogenesis Online). Although there was a higher background with this assay for C167S in the absence of SPER/NO treatment (supplementary Figure 3A is available at Carcinogenesis Online), densitometry indicated that there was essentially no nitrosation for the C167S mutant induced by SPER/NO at doses of 20 and 40 lM.
AAG has altered expression and activity in mouse and human colon adenomas Changes in AAG levels and BER imbalance were examined in tissues from Apc Min/þ mice, a model for human familial adenomatous polyposis and colon cancer (40) . Table III is available at Carcinogenesis Online). The mean activity was 19.1 Â 10 À17 mol/mg (±6.5) of protein for non-tumor tissue and 35.2 Â 10 À17 mol/mg (±10.1) of protein for tumor tissue (P 5 3.5 Â 10 À8 ). However, a correlation was not observed when the change in AAG protein immunoreactivity between each paired adenoma and non-diseased tissue was compared with the change in AAG activity between the same pair (r 5 À0.1, P 5 0.62). Figure 6C Min/þ mouse. The inset is Â400 magnification of the indicated area of the Â100 image.
shows that activity is elevated in human adenomas compared with paired non-diseased tissue in four cases, although the sample number was too few to compare immunoreactivity and activity. The mean activity (±SEM) was 28.5 Â 10 À17 mol/mg (±4.0) of protein for non-tumor tissue and 60.0 Â 10 À17 mol/mg (±5.4) of protein for tumor tissue (P 5 0.003).
The relationship between AAG and iNOS was examined by IHC to explore the link between RNS production and this DNA glycosylase. A striking correlation (r 5 0.76, P 5 0.00002) between AAG and iNOS was observed in Apc Min/þ mouse tissues (supplementary Figure  4A is available at Carcinogenesis Online). In human adenomas, a high level of iNOS activity (79.3 pmol citrulline/min/mg protein) was observed compared with non-diseased tissues (0.77 pmol citrulline/ min/mg protein). These results confirm previous analysis of these tissues (30) and show a strong association between iNOS and AAG protein in colon adenomas. The relationship between AAG and two important BER pathway partners, APE1 and POLb, was examined by IHC to determine whether a BER imbalance might be occurring. POLb immunoreactivity was increased in all but one of the adenomas when compared with non-tumor tissues (supplementary Table III is available at Carcinogenesis Online). In contrast, only 11 of 24 tumor tissues displayed an increase in APE1 protein compared with nontumor tissue (supplementary Table III is available at Carcinogenesis Online). A substantial change in staining from predominantly nuclear in non-tumor tissue to cytoplasmic staining for APE1 in tumor tissue was evident (supplementary Figure 4B is available at Carcinogenesis Online). Interestingly, there was no correlation between immunoreactivity of APE1 and POLb (r 5 À0.074, P 5 0.73), between AAG and APE1 (r 5 0.099, P 5 0.64) or between AAG and POLb (r 5 0.088, P 5 0.68), when the change in expression between non-tumor and adenoma tissue for each animal was compared.
To test for the occurrence of nitrated AAG in vivo, immunoprecipitation experiments were performed in the paired human tissue samples (n 5 4). Immunoprecipitation with AAG antibody was followed by blotting with the nitrotyrosine antibody (supplementary Figure 5A is available at Carcinogenesis Online) or in the reverse order (Supplementary Figure 5B is available at Carcinogenesis Online). Qualitatively, the immunoreactivity patterns were consistent with the presence of nitrated AAG in the human samples, although the level of nitrated AAG varied between individuals and was not exclusive to the adenoma relative to the surrounding tissue. Control experiments with rabbit IgG and purified AAG protein were run in parallel to confirm assay specificity. Treatment of human HT-29 colon adenocarcinoma cells in culture with SPER/NO (20 lM, 4 h) substantially increased the level of nitrated AAG observed following immunoprecipitation and blotting, relative to untreated control. Although immunoprecipitation is not a quantitative measurement of the extent of AAG nitration, the data in supplementary Figure 5 (available at Carcinogenesis Online) indicate that the nitration of AAG occurs in vivo.
Discussion
RNS can create DNA lesions at sites of intestinal inflammation, which may lead to mutagenic transformation and colon cancer if damaged nucleobases are not adequately repaired. We have focused on AAGmediated BER because reports have shown that an AAG substrate, eA, was increased under chronic inflammatory conditions in mouse models (5, 13, 14) . We examined the potential for RNS to posttranslationally modify certain AAG protein residues and the effect these modifications had on AAG catalytic function. The findings support the notion that BER imbalance plays a role in carcinogenesis; however, they also reveal a complexity for distinct RNS modifications in either decreasing or enhancing AAG catalytic function. These data point to a broader picture for RNS in not only causing DNA lesions directly but also potentially influencing repair activity depending on the nature of the chemistries involved.
Analysis of the 2.1 Å crystal structure of AAG indicated that several tyrosine and cysteine (non-disulfide) residues comprise the catalytic pocket (Figure 1 ). These residues are chief sites for RNS adducts to occur through either nitrative or nitrosative reactions (37, 41, 42) . Initial attempts to probe specific sites of RNS modifications on AAG by proteomic and mass spectroscopic analysis failed Nitric oxide species and base excision repair due to the close proximity of target residues (Y157, Y159, Y162, Y165, C167 and C178) in the enzyme core (32) . Therefore, AAG site-directed mutagenesis coupled with western blotting for specific RNS adducts was utilized. This approach showed that AAG was susceptible to nitrating RNS (ONOO À , d NO 2 ) in a dose-dependent manner and identified Y162 as a focal point for nitro-adduct formation. Y162 is critical for AAG activity by occupying the DNA site vacated by the flipped out nucleotide substrate and is located on an exposed flexible loop, which we suspect contributes to its susceptibility to nitration. Bi-directional intramolecular electron transfer reactions between juxtaposed residues are proposed to mediate tyrosine susceptibility to RNS modifications (43, 44) . In this regard, this stretch of AAG is quite remarkable in having a 'hot spot' of such residues: Y162, M164, Y165, F166, C167 and M168. In fact, increased nitration was seen for the Y165A mutant at 40 lM ONOO À , compared with wild-type ( Figure 3B ). Mutating Y162 to phenylalanine rescued eA excision activity under moderate nitrating conditions (40 lM ONOO À ), whereas the V max of wild-type AAG was decreased 1.6-fold under these conditions relative to untreated controls. Therefore, these results show selective nitration of residues in the AAG active site diminishes its capacity to repair DNA damage. The presence of 3-nitrotyrosine immunoreactivity has been associated with colon adenocarcinoma and RNS-mediated DNA lesions (45) (46) (47) (48) .
In addition to nitration, nitrosation can also damage DNA and proteins. The nitrosating species N 2 O 3 is formed during the autoxidation of d NO (38) and can cause nucleobase deamination (2). Interestingly, our study has revealed that AAG activity is enhanced by nitrosation. C167 and C178 comprise part of the AAG active site, flanking either side of the eA substrate. Characterization of C167S and C178S mutants showed a nearly 2-fold increase in both K m and V max for eA, which corresponded to the increase in wild-type AAG activity seen after nitrosation. The importance of C167 in the excision of methylated bases was demonstrated in a recent study that performed random mutagenesis of amino acids surrounding the AAG active site combined with a complementation assay in E.coli (49) . The active site of AAG serves more to reject normal purines than to specifically recognize the diverse array of substrates it excises (26, 50) . The inherently modest catalytic activity of AAG also serves as a means of restricting the ability of AAG to inadvertently remove normal guanines and adenines. We speculate that these cysteines might contribute to restricting the activity of wild-type AAG and raise the intriguing possibility that the oxidation state of these residues might modulate AAG activity.
The biotin switch method detected an elevated background of S-nitrosation of the C167S mutant relative to either wild-type or C178S AAG in the absence of d NO exposure. This unexplained result may relate to altering the oxidation state of the neighboring C178 by this amino acid subsitution. Nonetheless, these results were consistent with the conclusion that the C167 and C178 residues play important previously unappreciated roles in AAG activity. RNS mediating an enhancement of BER is unprecedented; therefore, our finding that S-nitrosation of selective AAG residues augments activity adds a new dimension to the relationships between NOS and colon carcinogenesis.
The increased production of d NO and formation of RNS is thought to contribute to the progression from chronic inflammation to cancer because RNS can directly and indirectly damage DNA and proteins. A positive correlation between the expression of iNOS and AAG in tumor tissues analyzed from Apc Min/þ mice suggests an adaptive increase in AAG protein in response to RNS. A recent report demonstrated that Aag À/À mice are susceptible to tissue damage induced by RNS, consistent with AAG-mediated prevention of DNA damage and tumor initiation during RNS stress (14) . However, the observed lack of correlation between AAG protein and activity in both Apc Min/þ mice and human colon tumors suggest that nitrative RNS predominate and may inhibit AAG in established adenomas. Analysis of colon tissues from subjects with adenoma demonstrated that nitration of AAG occurs in human cancer (supplementary Figure 5 is available at Carcinogenesis Online). These data when combined with our in vitro findings with purified AAG present a case for compromised AAG catalysis due an imbalance toward nitrative stress during in cancer.
The removal of mutagenic base adducts by AAG creates an abasic site in DNA that must be processed by the downstream components and it is well established that imbalances in AAG-mediated BER has negative consequences (51) . Specifically, it has been shown that AAG can remove undamaged adenines and guanines (50, 52) and overexpressing AAG caused mutations and microsatellite instability in the absence of exogenous DNA-damaging agents (16, 53) . Our analysis of the expression of key BER proteins by IHC revealed that APE1 was only increased in 46% of the tumors; we also observed a nuclear to cytoplasmic shift in tumor tissues. Indeed, S-nitrosation of cysteines on APE1 has been reported to increase the nuclear export of APE1 (22) and this subcellular relocalization has been observed in colon cancer cells (54) and in other tumor types (55) . In contrast, POLb is significantly higher in 96% of the adenomas compared with nontumor tissues in Apc Min/þ mice. The observations suggest that although AAG upregulation is protective at the early stages of tumorigenesis, sustained upregulation during tumorigenesis may eventually drive a detrimental imbalance in the BER pathway.
Collectively, this study supports a role for imbalances in AAGmediated BER as a contributor to colon tumorigenesis. Although we showed that nitration or nitrosation of AAG results in differing regulation of AAG activity, these chemical processes in a biological setting can be intertwined (35, 43) . We provide to our knowledge the first simultaneous examination of alterations in the first three enzymes in BER in intestinal adenoma samples and matched non-tumor controls. The results illustrate that it is not straightforward to equate the presence of NOS activity and RNS solely with DNA damage and carcinogenesis or cancer progression. Regardless, our study identifies key roles for specific AAG sites in controlling AAG activity that might prove to be a target for the prevention and/or treatment of diseases associated with BER imbalance.
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